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FATIGUE AND STATIC TESTS OF FLUSH-RIVETED JOINTS

By Darnley M. Howard and Frank C.,Smith

Fatigue tests at zero mean load were made ‘on190 multiple-rivet
joints having l/8-inch-diameter A17S-T3 100° countersunk-head rivets.
Some of the joints hailmachine-countersunk holes and some had Wrpled ~
holes. The joints had three rivets at l-inch pitch or sti rivets at
l/2-inch pitch. Both butt and lap joints were tested.’ Static tests were
made on 34 typical joints. The sheet materials used were 0.032-inch-
thick bare and alclad 75s-T6sheet, 0.032-inch-thick bare and alclad 24S-T3
sheet, and 0.06&inch-thick alclad 75s-T6 sheet.

Joints made by dimpling showed marked superiority id both fatigue
.

and static strengths to those made by machine countersinking. Joints of
alclad sheets using machine-countersunk holes had greater fatigue stre

Wh
than similar joints of bare sheets. Lap and butt Joints, using machine-
countersunk holes, had nearly equal strength under static loads; while
the lap joints were superior under fatigue loads.’

A photomicrograph of an 0.032-inch lap joint of alclad 24S-T3 sheet .
uqing machine-countersunk holes, tested at a load slightly over that
needed to cause a permanent slip of 4 percent of the rivet hole diameter,
showed substantial gouging of the rivet by the shsxp edge of the sheet.
Another photomicrograph of a Mmpled joint of 75S-T6sheet showed that
the fatigue cracks tended to propagate through heavily cold-worked
material.

The relationships between measured static properties of lap joints
and fatigue life for the four materials sxe given. No satisfactory single
relation between static properties and fatigue life covering the four
materials could be found.

.

INTRODUCTION

A large amount of’work has been done on the fatigue strength of
riveted joints. A comprehensive list of references to work done prior.,
to 194-6is given by Jackson, Grover, smd McM&8ter on page 154 of
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2 NACA TN 2709

reference 1. They state, “Many investigators have found that machine- 1

countersunk rivets produce weaker joints tti plain &hupled or press-
countersunk riveted joints.” ~

More recent work on the fatigue strength of riveted joints is I

described in references 2, 3, and 4. Reference 2 gives the results of I

tests to show the effects of notches, type of joint, temperature, mate-
rial, joint configuration, and ratio of maximum to minimum stress on the
fatigue life. Reference 3 gives fatigue test results with completely
reversed stresses for joints using single 3/16-inch-dLameter24-S-T31rivets
h a variety of sheet materisls. No one sheet alloy shows consistent
superiority in the tests of reference 3, though alclad 2~-T3 is generally
on the high side of the group. The design of the joint is found in refer-
ence 3 to have a greater effect on the range of fatigue strengths than
does the choice of sheet material. Reference 4 gives the results of
Swedish fatigue tests using fluctuating tensile stress on jotits of sev-
eral.different configurations. Here again there is no consistent superi-
ority for smy one sheet material.

A study of the effect of a centrsl drilled hole on the fatigue prop-
erties of 2@-T3 and 75S-T6 alumhum-gdloy strips at zero mean stress was
the first part of the present investigation (reference 5). The present
report extends this work to fatigue and static tests of flush-riveted

e

joints of both butt and lap types.
1“

The results presented give additional information on the strength
of riveted joints as follows:

(1)The loads
10,000 cycles

(2) The tests

are sufficiently high to give some failures well below

were conducted with completely reversed load using
later&l guides to prevent buckling during the compressive portion of the
load cycle

(3) An attempt is made to correlate the fatigue strength with static-
slip strengths

(4) Simil~ joints sre tested in 0.032-inch bare and slclad 2@-T3
and 75s-T6 aluminum-alloy sheet for comparison purposes

Mr. William C. Brueggeman, formerly of the National.Bureau of
Standards, developed the testing technique and conducted most of the
tests in the cycle range above 10,000 cycles.

This investigation was conducted at the National Bureau of Standsrds
and has been made available to the National Advisory Committee for

.- ,.
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Aeronautics for
are indebted to
work.

3

publication because of its general interest. The authors
the Bureau of Aeronautics for permission to publish this

SPECIMENS

The construction of the fatigue test spectiens is shown in figure 1.
These specimens were multiple-rivet joints 3 inches wide. In the case
of the butt joints (fig. l(a)) each of the two abutting sheets was joined
by a row of rivets to a third sheet of 24S-T3 aluminum Woy 0.125 inch
thick. b the case of the lap joints (fig. l(b)) the overlapping sheet
was allowed to extend 2.75 inches to either side of the rivet line to
simplify the use of lubricated solid guides which will be descrikd in
a subsequent section of this *report. .,

The sheet materials used were 0.032-inch-thick bsre and alclad 75s-T6
sheet, 0.032-inch-thick bare and alclad 24S-T3 sheet, and 0.064-inch-thick
slclad 75S-T6 sheet. All of the joints used l/8-inch A17S-T3 aluminum-
alloy rivets with 100° countersunk heads. In some of the joints machine-
countersunk holes were used; in the rest, dimpled holes were formed using
the dimpling fixture showq in figure 2. All riveting and dimpling were
done on the Cleveland Pneumatic Tool Company model 24B pedestal squeezer.
The diameter of the driven head was made equal to approximately 1.5 times
the nominal shank dismeter. None of the driven heads showed cracks.

Tests to determine sxial-load S-N curves of the sheet material were
not made since previous tests showed no correlation between.the fatigue
strength of joints and that of the -sheetmaterial.from which they were
fabricated.

The static tensile and compressive properties of the sheet materisls
are given in table 1. The shearing strength of the rivets was taken as
that given in reference 2, 32.O kips per squsre inch.

TESTS

All the fatigue tests were conducted under completely reversed sxial
load in a modified Templin fatigue testing machine at 2000 cycles per
minute. Lubricated wooden guides similar to those shown in figure 3
restrained the specimen from buckling during the compression half of the
‘loadcycle. The guide qhown in figure 3 was designed to restrain the
specimens tested in the low cycle range. The guide shown in figure 4
was used for the tests in the hi@ cycle range but was found inade~ate

.
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h the low cycle range where the loads spread it ap~. The technique
was identical for both types of guides. Greased paper was used between
guide and specimen as descriled in reference 6. In the lap-joint tests,
greased paper was also inserted under the extended tabs of the joint
(fig. l(b)) to within about 1 inch of the rivet line. This paper reduced
transfer of load by friction at these tabs. The tightness of the guide
on the spec~n was such that the guide could be slid sxially by hs.nd.
A different guide-block design was used for lap and butt ~oints so that”
the length of unsupported specimen near the rivets was smsll.. The guides
effectively prevented buckling of the specimen.

For tests at loads that produced failure at less thsn 10,000 cycles,
the set of grips shown at A (fig. 3) was used. ,Thesegrips were made
of hot-rolled steel with transversely serrated contact surfaces. Three
tighte~ screws were used. An earlier form of grip using two tight-
ening screws was used for the”tests at low and moderate loads.

The constancy of load of the Templin fatigue machine at loads high
enough to cause some permanent slip in the joints was investigated because
of the nature of the machine construction. In this machine, the dyna-
mometer A (fig. 4.)is loaded by the specimen B, which in turn is loaded
by the Scotch yoke C. b normal operation, nearly all of the motion of
the Scotch yoke is used h stretching the dynamometer ring A, thus giving
a loading condition which is relatively insensitive to small changes in
specimen stiffness. With riveted-joint spectmens tested at loads high
enough to cause appreciable slip, however, there was some question
regarding the constancy of the load as the test progressed. For this
reason, the load-cycles curves shown in figure 5 were determined for two
typical spectiens. One of these, spectien A, had an initial load slightly
in excess of that required to produce a static slip of 4 percent of the
rivet hole diameter; the other, specimen B, had a load slightly below the
4-percent-slip value. The testing machine was stopped periodically and
the tensile and compressive peak loads were measured. For specimen A,
the average load had dropped 12 percent at 1230 cycles; for specimen B,
the average load had dropped 4 percent at 800 cycles and had risen 2 per-
cent at WOO cycles. On the basis of these results it was concluded that
the testing machine would adequately maintain loads up to the 4-percent-
slip value to failure.

Elongation of the rivet holes and “cupping” of the rivet heads
(fig. 6) occurred during failure of so~e of the dimpled joints. When
this type of failure was obtained the number of cycles at failure was
taken as the number at which the cut-off relay for stopping the machine
was actuated. This relay functioned before the load could drop more than
7 percent. It was assumed that this tearing failure, once,st-ed, pro-
gressed rapidly and that consequently the load was fully maintained during
‘the major portion of the test.

,
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Static tests were made on each type of joint to determine the maxi-
mum load and the relation between applied load and the resulting slip
or permanent displacement of the joined pieces. A continuous reference
line was scribed with a razor blade on the edges of the overlapping
sheets on each side of the joint. The slip was determhedby applying
a load, unloading to zero, measuring the amount of offset in the refer-
ence line by means of a Brtiel.1microscope, applying a greater load,
unloading, and so forth. The amount of slip determined on the two edges

‘ was averaged. h the case of butt joints, the slip was measured between
each sheet and the backing strip, resulting in two sets of load-slip
data for each spectien. ti most cases joints having six rivets at
l/2-inch pitch were used for these static tests; however, in some cases
the joints had thee rivets at l-inch pitch. Jotits having fewer than
six rivets were used in some of the tests since it was found in other
tests of riveted joints that variation of rivet pitch above 3/8 inch .
has no great effect on the static load per rivet corresponding to a
given amount of slip.

IWSULTS

~icsl static load-slip curves for joints of the type tested are
shown in figure 7. The loads per rivet for each of the 34 joints sub-
jected to static tests are given in table 2 for slips of 2, 4, ~d 6Per-
cent of the rivet hole diameter. Ih addition, the maximum loads are
given in this table. For a given type of joint, 75S-T6 sheet,.bare and
clad, gave more strength than 2~-T3, bare and clad. For a given sheet
,material,joints using dhpled holes were much stronger than those using
machine-countersunk holes. Lap wd butt’joints, using machine-countersunk
holes, had nearly equal strength under static loads.

Fatigue tests at zero mean load were made on 190 multiple-rivet
joints. The types of”joints for which the fatigue tests were made and
the number of tests of each type are listed in table 3. The curves of
load per rivet against cycles to failure are given in figures 8, 9, and
10. Theaverage load for a slip of 4 percent of the rivet hole diameter
and the maximum static load, as given in table 2, are shown in each fig-
ure. A scale obtained by dividing the fatigue load amplitude by the
aversge maximum static load per rivet as given in table 2 is also shown
on the right side of each figure. The results show that joints of alclad
sheets using machine-countersunk holes had greater fatigue strength than
similar joints of bare sheets. Also, comparison of the lap and butt
joints using machi?+e-countersunkholes shows that the lap joints were
superior under fatigue loads.

The curves faired through the data of figures 9 and 10 (lap joints)
are repeated in figure 11 for comparison with each other. It is evident

—— . -— -—-— . . -. — -.-.-— .— . .—. -. -- —.-.-—-— —-——- ——..- _ —.. . —- . .
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holes sme markedly supe-

To illustrate the behavior of the two types of lap joints, machine-
countersunk and dimpled, in.terms of the static proper~ies mea&ed, fig-
ures 12(a) snd 12(b) were prepsred. Figwre 12(a) shows the curve of ratio
of fatigue to static strength against cycles to failure for machine-
countersurk rivets in four materials while figure 12(b) shows the same
relation for dimpled joints of the same materials.. Each material in
each graph has a c@racteristic curve which, while similar to those of
the other materials, is vertically displaced. Figure Il.shows the curves
of load against cycles to failure for these joints. The 0.032-inch dim-
pled joints of the four materials, for example, fall in a reasonably
narrow band indicating that they have nominally the same fatigue strength.

It appears that the vertical displacements of the curves of fig-
ures 12(a) and 12(b) are due to differences in static properties of the
joints appearing as a constant in the fatigue strength ratios. It 1s
further noted that the differences in materials have more effect on the
statically loaded joints than on those loaded in fatigue. On the basis
of ultimate load and type of joint the best single relation, covering
the four materials, between load and cycles to failure can be made on
the basis of actu~,fatigue load on the rivet without regard to the static
ultimate strength of the joint.

The mode of failure varied for the different types of joints. All
the joints using machine-countersunk holes in 0.064-inch sheet failed by
rivet shear. The joints using machine-countersunk holes in 0.032-inch
sheet failed by rivet shear at the higher loads and through the sheet at
the lower loads. The joints using dimpled holes in 0.032-inch sheet
failed through the sheet at low and moderate loads and failed by an elon-
gation and tesring of the sheet at the rivet holes accompanied by cupping
of the rivet heads at high loads.

Figures 13(a) and 13(b) are photomicrographs of the left and right
sides of a rivet in an 0.032-inch-thick alclad 24S-T3 ahminum-slloy lap
joint wtth machine-countersunk holes. Photomicrographs of a similar
joint after it had been subjected to 200 cycles of completely reversed
load slightly above the k-percent static-slip value are shown in fig-
ures 14(a) and 14(b). The fatigue loading caused gouging of the rivet,
tipping of the rivet head, and deformation of the sharp edge of the
upper plate.

Figure 15 is a photomicrograph of typical 75s-T6 aluminum-alloy dim-
pled joints after fatigue failure. The defamation of the sheets ~d
rivets due to cold-working during fabrication is clearly shown. It iS

interesting to note that the rivets do not appear to fill the holes

-. — ———— . —. —
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completely in these joints. The damaged area at A (fig. 15) is shown
much enlarged in figure 16. The crack began apparently at the point of
highest cold-work B (fig. 16) and initially propagated in the direction
of the slip lines. A secondary crack on the convex side of the sheet
may have affected the direction of propagation as the failure progressed.
A similar crack in another joint is shown in

CONCLUSIONS

figure 17.

e

Fatigue and static tests were made of l/8-inch-diameterA17S-T3
100° countersunk-headrivets in lap and butt joints. Both machine-
countersunk and dimpled holes were used. The sheet materials were
0.032-inch-thick bare and alclad2kS-T3 and 75s-T6 aluminum slloys and
0.06!-inch-thick alclad 75S-T6 alloy. From the results the following
conclusions may be drawn:

1. Flush~riveted joints using dhpled holes have greater strength
than those using machine-countersti holes under both static and fatigue
loads.

2. Lap and butt joints, using machine-countersunk holes,”have nearly
equal strength under static loads; while the lap joints are superior under
fatigue loads.

3.Joints of alclad sheets using machine-countersunkholes have
~eater fatigue strength than similar joints of bsre sheets.

4. tie mode of fatigue failure of joints changes with the type of
joint from failure by rivet shear, for 0.064-inch sheet using machtie-
countersunk holes, to failure by elongation and tearing of the sheet at
the rivet holes accompanied by cupping of the rivet heads for M_mpled
joints at high loads.

5. The direction of fatigue cracks is largely influenced by the
direction of slip lines in heavily cold-worked areas of dimples.

6. Although curves are shsnm relating cycles to failure with the
static properties - ultimate strength and load for k-percent sl,ip- for
0.032-inch lap joints of the four materials, no satisfactory single
relation covering the four materials was found for predicting the behavior
of a type of joint from the static properties of a similar joint of the
same material.

National Bureau of Standards
Washington, D. C., October 24,1951
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TABLE l.- MECHAI’UCAL PROPERTIES OF MATEKWE USED IN JOINTS

Tensile properties Compresalve propertied

Thickness

—

Material Yield

(in. )
Young 1s Ult Imate

Yield
Otren@ Young 1a

strength
(f:;) ‘ ~p~’

Otre@
(w;)

modulus
(psi) (psi)

TjS-T6 alclad 0.032 72.0 x 103 10.4 x 106 78.6 x 10S 63.6 x 103 10.1 x 106

7x-T6 alclad .064 ‘75.0 10.1 ‘83.0 69.5 10.3

Z4S-T3 bare .032 56.0 lo. ~ 73.5 47.0 10.9

24S-T3 alcl.ad .032 49.5 10.0 67.4 46.0 10.6

7x-!c6 bare .032 74.0 , 10.7 ‘“ 83.7 69.0 log

lAt CI.2-percent OffBOt.
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TABLE2.-STATICPROPERHHOFFIJJ2R%IVEIEDJOIH’ISIllPIATEi3 RJCOISWD!RWITRA17S-T3R3TEI!s

Type of Sheet mrioerof I@.d(lb)perrivetat HazdmJm
Joht thldness Shad I&Sal Specimen rivets

Slipc (percent) of - loadper
(a) (in.) (b) rivet

2 4 6 (lb)

MC-butt O.op 75346aLQUI 6 d@ dl~ %87 422
: 6 dlo6 &~6 dl~ ~

Imarage g G .~ 398

m-butt 0.064 75M6 .dti 6 d346 d363
2 6 L% %41 d~ ~6

Averq@ Zii % ~ K
,
m-lap 0.032 VXM!6EJdad 5

6
J-35 ~~ 413

: 1~
6

z 403
7 E! m =6 383—

AVW G 191 z G

Me-lap 0.0% 75s-T6bare 149 200 228
: : 140 1~

6
ls’5 E

10
11 6

Q UzJ 21.6
g!g ZL”f a

Average U8 z z 362

Me-lap 0.032 2k3-T3flw 12 al l% 188
13 2

323
153 l% 235 ~

Average G z G m

MC-1ap 0.02 24s-!t3bare 14 3 I.xl 145 in
15 3

333
15 lt?cl as m

Amrage z G G z

MC-lap 0.064 75s-T6ema.ad 16 3 m 3%J 373 409

z
xi6 355 376

;
425

~ 348 367 413

Average 36 G G z

D-lap 0.032 qw6 akkd g 3 m 493 %9
3 353
6

% *
a E 48g
22 6

g 554
453 w ~~

Average 360 E 493

D-lap 0.032 75w6 bare 372 451
2? : 37 E 459 E
25 6 367 k13 439
26 6 ~ 389 434

g

Avers@ 3% z iii 471

D-1ap O.op 242-T3add 3 300 367 393 g
z

2
m

g
6

297 R 4%
g 364 g ?2!

A~ M’ 37 396 Z

.D-IEp O.op 24.2-T3m 3 320 35 372
$ 3 m m 3X32

6
%

32s
%

355 379
6

4J30
328 ~ 374 ~

Average z 362 G 408

%Mmtt, butt.lOmt usingmawneamrteramihOlesJMC-lq),lapjoint UEdngmachina40uutersunkhelm;
~~ hp jOi12t llE@ cOti_bd holes.

~JOfitswith.fi rimts had l/2-inch pitch;joint, with three rivets had l-inch Pitd.

%31ipis@en inpemmtageofrivethole** (0.E35In.).
‘%d.ue.ob~d by averagingthetwo&ta of ellpdataobtainedoneachbutt~olut.

———.———..—— —.- .—..- . . ._. — . ..— ___ .._ .. —__ _____ ___ ______ ____ __
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TABLE3.-DESCRll?TIONOFFATIGUETESTSOFFLUSH-RIVETEOJOINTSIN

PLATES3 INCHESWIDEWITCHA17S-T3RIVETS

Type of
joint
(a)

MC-butt

m -butt

MC-lap

MC-lap

MC-lap

MC-lap

MC-lap

D-lap

D-lap

D-lap

D-lap

Sheet
thickness

(in.)

0.032

.064

.032

.032

.032

.032

.064

.032

.032

.032

.032

Sheet material

7x-T6 alclad

75S-T6alclad

75S-T6d-clad

75S-T6bare

24s-T3dchd

24S-T3 bare

75S-T6 alclad

75S-T6 alclad

75S-T6 bare

2ks-T3d.chii

24s-T3bare ‘

Number of
joints
testeal

15

- 23

16

25

15

18

a.

12

l-l

22

12

Lowest number
of cycles to
‘ failure

2000

20

800

400

&o

2000

500

130
.

290

101

287

Highest number
of cycles to
failure

3,108,000

~7,959,000

10,608,ZIIO

9,170,300”

10,752,000

5,565,8oo

%lj666,500

108,600

95,400

2,119,700

%0,000,000

aMC-butt, butt joint using machine-countersunk holes; MC-lap, lap
joint using machine-countersunk holes; D-lap, lap joint using coin-
dimpled holes.

bRemoved before failure.

. -..—— ------ . . . . ..-. ------- ------ . .. .. . ... . . . — —-
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(a) Butt joint.

Figure l.- Riveted-.lointspecimens.
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~ Mounting holes

(b) Lap joint.

All dimensions in inches. (For some
‘tests three rive~s at l~inch pitch were used. For low-load tests only
two mounttig holes were needed for the grip used.)
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Figure 3.- 0.032-inch lap-joint fatigue specimen ready for

.

test. A, grips.
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Figure k.. T&nplin fatigue machine. A, dynamometer; B, specimen;

C, Scotch yoke.
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Figure 5.- Load-cycle curve showing consistency of loadfng during tests ~

of two 0.032-inch alclad 2k-T3 countersunk lap $oints. u
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Figure 6.. Riveted joint that failed by rivet hole elongation.
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n

I00

0

Specimen Joint
o Machine-countersunk butt
● + Machine-countersunk lap
x 21 Dimpled lap

Slip, percent of hole diameter “

.Figure7.- Typical static load-slip curves of 0.032-inch alclad 75S-T6.
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(a) 0.064-inch alclad ~S-T6. ‘

Figure 8.-. CurveB or load per rivet agalnat cycles to failure for

machine-countersunk butt joints.
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Figure 13. - Rivet before test. Iap joint In alcl.ad 2Js-IT3 with machine-

counterqmk holes.
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6K NACA TN 2709 37

Figure I>.. Section of dimpled joints in 0.032-inch 7’5S-T6aluminum-alloy
sheet sfter fatifie failure. Cracks shown at A. x8.
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38 NACA TN 2709

(3-/3

Figure 16.- Cracks at A in figure 15. Crack started at B, began to
move through heavily cold-worked area (rectangular box), and changed
direction probably because of higher stressing along line of eventual
failure. X1OO.

Figure 17.- Secondary crack on convex side of dimple in 75S-T6 alloy.
Crack propagation through area of heavily cold-workedmaterial
(rectangular box). X1OO.
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